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Abstract Loss of heart rate variability (HRV) and autonomic
dysfunction are associated with poor outcomes in critically ill
patients. Neuronal networks comprising brainstem and hypo-
thalamus are involved in the Bflight-or-fight^ response via con-
trol over the autonomic nervous system and circulation. We
hypothesized that sepsis-induced inflammation in brain regions
responsible for autonomic control is associated with sympatho-
vagal imbalance and depressed contractility. Sepsis was induced
by fecal slurry injection in fluid-resuscitated rats. Sham-operated
animals served as controls. Echocardiography-derived peak ve-
locity (PV) was used to separate septic animals into good (PV
≥0.93 m/s, low 72-h mortality) and bad (PV <0.93, high 72-h
mortality) prognosis. Cytokine protein levels were assessed by
ELISA. All experiments were performed at 24 h post-insult.
Increased levels of inflammation and oxidative injury were ob-
served in the hypothalamus (TNF-α, IL-10, nitrite and nitrate
and carbonyl groups) and brainstem (IL-1, IL-6, IL-10, nitrite
and nitrate and carbonyl groups) of the septic animals (p<0.05
vs. sham), but not in the pre-frontal cortex, an area not directly
implicated in control of the autonomic nervous system. Good
prognosis septic animals had increased sympathetic output and
increased left ventricular contractility (p<0.05 vs. sham). There
was a significant inverse correlation between high frequency
power (a marker of parasympathetic outflow) and contractility
(r=−0.73, p<0.05). We found no correlation between the de-
gree of inflammation or injury to autonomic centers and cardio-
vascular function. In conclusion, control of autonomic centers
and cardiac function in our long-term rodent model of sepsis was
related to clinical severity but not directly to the degree of
inflammation.
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Introduction
The central nervous system (CNS) controls a range of physio-
logical functions crucial for the body to maintain a coordinated
response to injury and stress [1]. Cerebral networks passing
through the brainstem (e.g., locus coeruleus, rostral ventrolat-
eral medulla, medullary autonomic nuclei, or parabrachial nu-
clei) and hypothalamus (paraventricular or supraoptic nuclei)
are involved in control of sympathetic and parasympathetic
output to the cardiovascular system and adrenal gland and
are particularly important in establishing an adequate hemody-
namic response (the Bfight-or-flight^ response).
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However, as with any other organ, the brain itself is not
spared from injury and systemic inflammation. Sepsis-
associated encephalopathy is a complex disorder with a prev-
alence of 9–71 % [2, 3], the severity of which has been cor-
related with poor outcomes [2, 3]. Excess cytokines [4, 5],
prostaglandins [6], reactive nitrogen, and oxygen species [7,
8] are associated with brain injury in various models of acute
inflammation and sepsis. In a postmortem study, cardiovascu-
lar autonomic centers from septic shock patients manifested
greater degrees of ischemia and neuronal and glial apoptosis
compared to control, non-septic patients [9]. Although our
understanding of the consequences of this injury pattern is
far from complete, modulation of neurotransmission [10]
and hormone release [11] occurs as a direct consequence of
brain inflammation.
Cardiovascular autonomic failure, a poorly characterized
syndrome of refractory hypotension and abrupt variations in
heart rate, is associated with decreased survival in critically ill
patients [12, 13]. Loss of heart rate variability, a measure of
autonomic output to the heart, is observed in critically ill pa-
tients with multiple organ dysfunction [14] and sepsis [13].
Measures of sympathovagal imbalance (e.g., reduced low
frequency/high frequency ratio) are strong predictors of ICU
mortality [13]. Whether this association is purely epiphenom-
enal or contributes to poor outcomes remains to be elucidated.
Mechanisms by which autonomic dysfunction possibly lead
to increased ICU mortality remain largely unknown, as does
the hierarchical relationship between injury in the septic brain,
loss of heart rate variability, and hemodynamic failure.
Using an established fluid-resuscitated rat model of fecal
peritonitis, we conducted a series of experiments to determine
the relationship between injury to cardiovascular autonomic
centers, heart rate variability, and septic cardiomyopathy. We
hypothesized that, in sepsis, increased inflammation in brain
centers responsible for autonomic control is associated with
sympathovagal imbalance and depressed cardiac contractility
and that these centers are affected more in animals with severe
disease.
Materials and Methods
All animal procedures were conducted in accordance with
UK Home Office guidelines under the 1986 Scientific
Procedures Act and following approval from the University
College London Ethics Committee. Animals were main-
tained under artificial day–night cycles (12-h light–dark cy-
cles; 23 ± 1 °C room temperature, 30–60 % environment
humidity), received a standard diet and water ad libitum,
and were allowed to adapt to laboratory conditions for at
least 6 days prior to experimentation. All interventional pro-
cedures were carried out under aseptic conditions with body
temperature maintained at 37 °C.
Rat Model of Fecal Peritonitis
This model has been extensively described elsewhere [15]. In
brief, under a short period of light inhalational anesthesia (2 %
isoflurane), male Wistar rats 12–14 weeks old and with ap-
proximately 300 g body weight underwent right jugular vein
and left carotid artery cannulation using 0.96-mm external
diameter tubing (Biocorp Ltd, Huntingdale, Australia).
These catheters were sited through a small neck incision,
tunneled subcutaneously to emerge at the nape of the neck,
and subsequently mounted onto a swivel-tether system
(Instech, Plymouth Meeting, PA, USA). This allowed the
rat, on recovery from anesthesia, to have unimpeded move-
ment in its cage, free access to food andwater, and intravenous
fluid administration. The arterial line was connected to a pres-
sure transducer for continuous monitoring of mean arterial
pressure recorded using a 16-channel Powerlab system and
Chart 7.0 acquisition software (Powerlab, AD Instruments,
Chalgrove, Oxon, UK). A subcutaneous buprenorphine injec-
tion (0.05 mg/kg) (Vetergesic, Reckitt Benckiser, York, UK)
was administered for pain relief prior to cessation of anesthe-
sia. Catheters were kept patent with 0.1-ml/h heparinized
saline.
After overnight recovery, sepsis was induced by intraperi-
toneal (i.p.) injection of fecal slurry (3 ml/kg body weight)
administered through a 19G needle into the right lower quad-
rant of the abdomen, with care taken to not perforate the ad-
jacent bowel. Standardized human slurry was kindly donated
by the Department of Anesthesiology and Intensive Care at
Friedrich Schiller University Hospital, Jena, Germany [16].
Sham animals (control) received an equivalent volume of
0.9 % saline. Two hours post-injection of slurry/saline, a con-
tinuous infusion of glucose and 6 % hydroxyethyl starch 130/
0.4 (Volulyte, Fresenius Kabi, Bad Homburg, Germany) (1:1)
was started at 10 ml/kg/h through the internal jugular line. A
clinical scoring system [17] was used to assess overall disease
severity at regular intervals. Animals were marked for absence
(0), presence (1) or marked presence (2) of hunched position,
bloated abdomen, conjunctival injection, piloerection, lack of
movement, and lack of alertness.
Echocardiography Measurements and Prognostication
of 3-Day Outcome
Echocardiography was performed at 24 h after peritoneal in-
jection of fecal slurry or n-saline in spontaneously breathing
rats under light (1.5 %) isoflurane anesthesia using a 14-MHz
probe connected to a Vivid 7 Dimension machine (GE
Healthcare, Chalfont St. Giles, Bucks, UK). Pulsed wave
Doppler was used to measure aortic blood flow velocity in
the proximal ascending aorta, immediately before the bifurca-
tion of the right carotid artery. Stroke volume was calculated
as the product of the velocity time integral (VTI) averaged
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over one respiratory cycle and aortic cross-sectional area. In
rats of similar age, aortic diameter was measured at 2.6 mm
[18]. The average peak-to-peak distance and maximum veloc-
ity over one respiratory cycle were used to measure heart rate
and peak (systolic blood flow) velocity (PV), a marker of left
ventricular contractility [19]. Cardiac output (CO) was calcu-
lated as the product of stroke volume and heart rate. Previous
work from our lab using the same peritonitis model during 3-
day follow-up demonstrated that an aortic blood flow peak
velocity cutoff of 0.93 m/s measured at 24 h was a good
discriminator of 72-h survival (AUC 0.84±1, p=0.03) [20]
and Bollen Pinto et al. (submitted). Thus, a non-invasive mea-
sure of cardiac function performed at 24 h could be used to
grade septic animals according to disease severity and prog-
nosis, thus helping to investigate mechanisms potentially in-
volved in survival to a septic insult.
Electrocardiography and Heart Rate Variability Analysis
Twenty-four hours post-insult, electrocardiographic (ECG) re-
cordings were performed in spontaneously breathing rats un-
der light (1.5 %) isoflurane anesthesia using a 16-bit
PowerLab system. Recordings were made over a 6–8-min
duration. Customized needle electrodes were inserted subcu-
taneously in the limbs, and standard lead II ECGs were re-
corded with LabChart software 7.0 using a sampling rate of
1 KHz. All ECGs were stored and analyzed off-line using
Matlab R2014 (The MathWorks, Natick, MA, USA). R peaks
were automatically detected, and the obtained RR series were
then de-trended and resampled at 10 Hz to obtain evenly
spaced time intervals. For each observational period, 3-min
50% overlapping segments were analyzed. For each segment,
a spectral analysis was performed by using an autoregressive
model, with the following indices quantified: power in the
very low frequency band (VLF, 0 Hz< f≤ 0.2 Hz), in the
low frequency band (LF, 0.2 Hz< f≤0.75 Hz), and in the high
frequency band (HF, 0.75 Hz< f≤3 Hz); the LF/HF ratio; LF
power in normalized units (LF%) computed as LF / (total pow-
er−VLF)×100; HF power in normalized units (HF%) com-
puted as HF / (total power−VLF)×100; and total power [21].
For each observational period, the indices estimated in 3-min
segments were averaged and considered for successive
analyses.
Serum Hormone Assays
At 24 h post-insult, a thoracotomy was performed under
isoflurane anesthesia upon loss of the pain reflex. Blood sam-
ples were obtained from the chest cavity after removal of the
heart and lungs (used for other studies). This approach was
chosen given our observation in previous studies with this
model that arterial catheters in some animals had clotted at
this timepoint, thus preventing blood sampling. The blood
was placed into a tube containing lithium heparin and centri-
fuged for 10 min at 12,000 rpm. Plasma samples were frozen
under liquid nitrogen and kept at −80 °C until batched mea-
surements of norepinephrine (enzyme-linked immunosorbent
assay (ELISA), Labor Diagnostika Nord, Nordhorn,
Germany); vasopressin (ELISA, Assay Designs, Ann Arbor,
MI, USA); corticosterone (colorimetric immunoassay, R&D
Systems, Minneapolis, MN, USA); tumor necrosis factor-α
(TNF-α); interferon-γ (IFN-γ); and interleukin (IL)-1β, IL-
6, IL-10, and IL-17 (all ELISA, PrepoTech, Ribeirão Preto,
SP, Brazil) were performed according to manufacturers’
instructions.
Central Nervous System Inflammation and Oxidative
Injury
Twenty-four hours after peritoneal injection of fecal slurry/
saline, rats were anesthetized with isoflurane and a craniotomy
performed immediately upon removal of the heart. Quick sep-
aration of the hypothalamus and brainstem was achieved by
careful dissection. A sample from the pre-frontal cortex was
obtained as a control area not directly involved in autonomic
nervous system output. Samples were frozen under liquid ni-
trogen and kept at −80 °C until further analysis.
The total concentration of nitrite and nitrate was deter-
mined by a modified Griess reaction method and was
expressed as nanomoles per milligram of protein [22]. As all
nitrate had already been reduced to nitrite by the use of nitrate
reductase, this represented the combined concentration of ni-
trite and nitrate. Determination of carbonyl groups as a marker
of oxidative stress was performed based on a reaction with
dinitrophenylhydrazine (Sigma-Aldrich, Saint Louis, USA),
as previously described [23]. Results are expressed as
nanomoles of protein carbonyls per milligram of protein.
TNF-α, IFN-γ, IL-1β, IL-6, IL-10, IL-17, and brain-derived
neurotrophic factor (BDNF) were measured by ELISA ac-
cording to the manufacturer’s instructions (DuoSet, R&D
Systems, Minneapolis, MN, USA). All samples were assayed
in duplicate.
Data Analysis and Statistical Procedures
All variables were tested for normality of distribution using
the Kolmogorov–Smirnov test. For comparison of normally
distributed continuous variables, Student’s t test was used to
compare differences between sham and septic animals (dis-
ease effect) and ANOVAwith post hoc Bonferroni corrections
for comparisons between sham, sepsis good prognosis, and
sepsis bad prognosis groups (severity effect). Non-
parametric data were compared using the appropriate equiva-
lent. Correlations tested with Spearman’s rho were used for
studies of association between brain inflammation, heart rate
variability (HRV), and cardiac contractility. All analyses were
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performed using IBM SPSS Statistics, Version 22.0 (IBM
Corp, Armonk, NY, USA) and graphs built using Prism
Version 6.0 (GraphPad Software, La Jolla, CA, USA).
Results were expressed as mean ±SEM. Differences were
considered statistically significant at p values <0.05.
Results
Model Characterization and In Vivo Myocardial
Dysfunction
Twenty-seven instrumented animals randomized to receive an
injection of fecal slurry (sepsis, n=19) or saline (control,
n=8) were followed for 24 h. All sham animals survived
while eight (42 %) of the septic animals died before reaching
this time point (Fig. 1). Clinical severity, blood pressure, and
echocardiographic data recorded at 24 h are described in
Table 1. Septic animals adopted a hunched position, with
piloerection, a bloated abdomen, and decreased interest in
their surroundings, thus presenting higher severity scores.
Six (54 %) of the septic animals alive at 24 h had an aortic
peak flow velocity above 0.93 m/s and were thus classified as
Bgood prognosis,^ with the remaining five being classified as
Bbad prognosis.^
Central Nervous System Inflammation and Injury
Sepsis was associated with increased expression of inflamma-
tion markers in areas of the brain directly involved in auto-
nomic control (Fig. 2a–d). Sepsis was associated with in-
creased TNF-α and IL-10 levels in the hypothalamus and
higher IL-1β, IL-6, and IL-10 in the brainstem. By contrast,
in the pre-frontal cortex, an area not directly involved in au-
tonomic regulation, there was no evidence of sepsis-
associated inflammation. There were no differences between
groups in levels of IL-17 or IFN-γ on the three brain areas
studied (data not shown). Levels of nitrite and nitrate and
carbonyl groups in the hypothalamus and brainstem were
higher in the septic animals, suggestive of increased
nitrosative and oxidative stress (Fig. 2f, g). BDNF, a mediator
of neuronal plasticity, was ubiquitously depressed in the septic
animals (Fig. 2e). However, contrary to our hypothesis, there
was no significant severity-dependent change in any of the
analyzed markers.
Circulating Hormones, Cytokines, and Markers
of Oxidative and Nitrosative Damage
In our model, there was no difference between groups in cir-
culating adrenaline or cortisol levels at 24 h (Table 2). We
found that vasopressin levels were lower in bad prognosis
septic animals compared to sham control and good prognosis
septic rats (p<0.01).
Heart Rate Variability
We found considerable variation in total power within each
experimental group. Differences between groups did not reach
statistical significance, despite a tendency to increased vari-
ability in sepsis (Fig. 3a). Good prognosis septic animals, a
group defined by improved cardiac contractility, had elevated
LF power and LF/HF ratio, suggesting increased sympathetic
output.
Figure 4 illustrates the relationship between aortic peak
blood flow velocity (PVel), a marker of left ventricular con-
tractility, and heart rate variability parameters. While LF pow-
er and LF/HF positively correlated with PVel (p=0.003 and
p=0.0018, respectively), animals with higher HF power, a
marker of increased vagal outflow, showed depressed contrac-
tility (p=0.0011). There was no significant correlation be-
tween the markers of CNS inflammation/injury and cardiac
contractility, nor hormone levels; only low levels of correla-
tion were present between the former and the HRV parameters
(Supplemental Digital Content).
Discussion
In this fluid-resuscitated rat model of sepsis, we found evi-
dence of increased inflammation, oxidative injury, and de-
creased BDNF levels in the hypothalamus and brainstem but
not in the pre-frontal cortex, an area not directly involved in
autonomic control. Septic animals prognosticated to survive
(based on measurements of cardiac contractility at 24 h) had
increased sympathetic output. Animals with increased para-
sympathetic output showed depressed left ventricular contrac-
tility. The degree of brain inflammation or injury was not
associated (at least not linearly) with either sepsis severity or
cardiovascular function.
The relationship between brain inflammation and neuronal
damage and the progression of cardiovascular failure in sepsis
Fig. 1 Kaplan–Meier survival curve. Legend: p value for log rank test
(n = 8 for sham and n= 19 for sepsis)
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was originally suggested over 10 years ago in postmortem
examinations of different autonomic centers in septic shock
patients showing neuronal and glial apoptosis [9]. Increased
expression of the inducible form of nitric oxide synthase
(iNOS) in the autonomic centers suggested that nitric oxide
(NO) released during sepsis could be responsible for impair-
ment of neuronal activation of brain structures related to car-
diovascular function [9].
It still remains unclear how brain inflammation directly
influences cardiovascular function during sepsis. Brain in-
flammation, oxidative injury, and BDNF levels are consistent-
ly altered in septic animals [5, 24, 25], as well as in the plasma
of septic patients that develop brain dysfunction [26, 27]. As
these alterations are thought to be involved in the pathophys-
iology of septic encephalopathy [3], we hypothesized that at
least some of these pathways could be involved in the disrup-
tion of brain–heart interactions during sepsis. While we did
observe changes in these markers within the hypothalamus
and brainstem, with decreased BDNF and increased nitrite/
nitrate and carbonyl species, we could not demonstrate a spe-
cific contribution to changes in HRVand contractility.
Evidence from cecal ligation and puncture (CLP) models
suggests early (6 h) activation of neurons in central structures
involved in autonomic control and vasopressin release depen-
dent upon NO release and prostaglandin synthesis [28–31].
These findings suggest that brain inflammation is an important
event in the modulation of heart function during sepsis.
However, these results can be confounded by the presence of
early hypotension in these CLP models, particularly with insuf-
ficient fluid replacement; early activation of autonomic centers
could be secondary to hypotension itself, and not to sepsis [31,
32]. Furthermore, central autonomic activation is reduced in the
established phase of sepsis (24 h), an effect likely mediated by
NO or leukotrienes [28–31], and associated with a decrease in
vasopressin secretion [33, 34]. Inappropriately low levels of va-
sopressin in septic shock contribute to vascular hyporeactivity
Table 1 Clinical severity and
hemodynamic measures at 24 h
post-insult
Sham (n= 8) Sepsis
Good prognosis (n = 6) Bad prognosis (n= 5)
Clinical severity (arbitrary units) 2 ± 1 3 ± 2a 4 ± 1a
Mean BP (mmHg) 121 ± 6 109 ± 5 106 ± 8
Peak blood flow velocity (m/s) 0.97 ± 0.03 1.18± 0.06a 0.85 ± 0.04a,b
Heart rate (bpm) 426 ± 13 451 ± 18 474 ± 14
Stroke volume (ml) 0.24 ± 0.01 0.26± 0.02 0.18 ± 0.01a,b
Cardiac output (ml/min) 103 ± 2 115± 5 85± 5a,b
For clinical severity score determination, animals were marked for absence (0), presence (1) or marked presence
(2) of hunched position, bloated abdomen, conjunctival injection, piloerection, lack of movement, and lack of
alertness (the overall score in a sum of the scores obtained for each of the six evaluated variables with highest
scores corresponding to sicker animals)
bpm beats per minute, m/s meters per second, ns non-significant
a p< 0.05 vs. sham
b p< 0.05 vs. sepsis good prognosis
Fig. 2 Markers of central nervous system inflammation, and oxidative
and nitrosative stress. TNF-α (a), IL-1β (b), IL-6 (c), IL-10 (d), brain-
derived neurotropic factor (BDNF) (e), nitrite and nitrate (f), and carbonyl
groups (g) were measured in samples of hypothalamus and brainstem,
two areas directly involved in central autonomic control (right of the
dashed line) and the pre-frontal cortex (control, left of the line) in both
septic and sham animals. Legend: *p< 0.05 (unpaired t test) (n= 6 for
sham, n= 5 for sepsis good prognosis, and n= 4 sepsis bad prognosis)
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[35]. None of these studies used HRV to assess autonomic func-
tion, nor did they measure cardiac contractility. The results ob-
served at 24 h post-CLP are consistent with observations in our
poor prognosis animals at 24 h; despite the absence of hypoten-
sion, there was depressed cardiac contractility and low plasma
levels of vasopressin. However, we failed to observe any signif-
icant correlation between measures of brain inflammation and
either heart rate variability, vasopressin levels, or cardiac
contractility.
Diverse effects of inflammation and experimental sepsis on
HRV have been reported, likely reflecting the influence of
species, type and severity of insult, and the techniques used
to measure HRV. Following endotoxemia in rabbits, sympa-
thetic modulation (LF power) of heart rate was impaired with
no alterations in plasma catecholamine levels [36]. In
endotoxemic rats, loss of vagal tone aggravated systemic in-
flammation and cardiac impairment with vagal stimulation
improving hemodynamics [37]. In a rodent CLP model, there
was a reduction in overall HRV, LF power, the LF/HF ratio of
HR, and the LF power ofMAP, suggesting impaired autonom-
ic control of the heart and circulation which likely contributed
to the observed decrease in baroreflex sensitivity [32]. None
of these studies analyzed markers of brain inflammation to
correlate against alterations in autonomic control. In an overall
intensive care population, a low total power of HRVand a high
HF/LF ratio (indicating a relative lack of sympathetic tone)
were associated with increased mortality while a low HF/LF
ratio (relatively high sympathetic tone) was associated with
increased survival [12]. Septic shock is associated with a
Table 2 Circulating levels of stress hormones, cytokines, and markers
of oxidative and nitrosative stress at 24 h post-insult
Sham
(n = 6)
Sepsis
Good prognosis
(n= 5)
Bad prognosis
(n = 4)
Adrenaline (pg/ml) 3.6 ± 0.6 3.9 ± 0.5 3.3 ± 0.4
Vasopressin (pg/ml) 73± 11 64 ± 13 22± 8a,b
Cortisol (μg/ml) 4.5 ± 0.4 3.4 ± 0.5 3.4 ± 0.5
TNF (pg/ml) 355 ± 48 265 ± 60 350 ± 55
IL-1 (pg/ml) 17± 4 47 ± 11a 13± 3b
IL-6 (pg/ml) 70 ± 28 83 ± 22 56± 9
IL-10 (pg/ml) 49± 6 105 ± 37 78± 27
Nitrite + nitrate (nmol/mg) 37± 7 98 ± 23a 25± 6b
Carbonyl groups (nmol/mg) 1.2 ± 0.1 2.2 ± 0.5 2.6 ± 0.7
a p< 0.05 vs. sham
b p< 0.05 vs. sepsis good prognosis
Fig. 3 Heart rate variability. a
Total power is a marker of total
autonomic output to the heart.
Low-frequency power (LF) (b)
and LF/HF ratio (d) are associated
with sympathetic activation, and
high frequency power (HF) (c)
with vagal activation and
respiratory activity. Legend:
*p< 0.05 for unpaired t test
(sepsis vs. sham); §p < 0.05 for
one-way ANOVA; a p < 0.05 vs.
sham; b p< 0.05 vs. sepsis good
prognosis. (n= 8 for sham, n= 6
for sepsis good prognosis, and
n= 5 sepsis bad prognosis)
Fig. 4 Association between cardiac contractility and indices of
autonomic nervous function. Legend: r—Spearman correlation
coefficient between peak velocity and low frequency power (LF, red
diamonds, p = 0.003), high frequency power (HF, blue triangles,
p= 0.0011), and LF/HF ratio (black circles, p= 0.0018) (n = 8 for sham,
n= 6 for sepsis good prognosis, and n= 5 sepsis bad prognosis) (color
figure online)
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depressed LF power of the heart rate [38]. In septic patients,
LF power and the LF/HF ratio were negatively correlated with
plasma levels of CRP and IL-10 [39].
In the current study, we demonstrate that LF power is as-
sociated with a good prognosis, in the absence of hypotension.
Furthermore, LF power is directly associated with cardiac
contractility, whereas HF power shows an inverse relation-
ship. Contractility was assessed by aortic peak flow velocity,
which was also used to classify animals according to progno-
sis and disease severity. However, none of these variables
were associated with markers of inflammation in the CNS
areas responsible for autonomic control. Our systematic ap-
proach suggests that, despite the occurrence of brain inflam-
mation, even in the absence of hypotension, the control of
autonomic centers and cardiac function is not related to the
degree of inflammation, but with the severity of the disease.
One possible explanation of this apparent paradox is that con-
trol of autonomic response and brain inflammation are epiphe-
nomena that are not mechanistically related. In our model,
total power of HRV tended to be higher in septic groups com-
pared to sham controls albeit not reaching statistical signifi-
cance. We cannot exclude that our methodology, including
measuring under a short period of light isoflurane anaesthesia,
may be relevant as isoflurane has been reported to decrease
autonomic nervous system activity in healthy humans in con-
centrations equivalent to the ones employed in our study
(1MAC) [40, 41].We used isoflurane to allow for examination
(echocardiography and ECG) under minimal stress while crit-
ically maintaining spontaneous breathing (fundamental for the
evaluation of the high frequency component of the HRV spec-
trum). All animals were submitted to the same isoflurane con-
centration to avoid confounding effects on outcome variables.
We could not measure HRV in awake animals, and we did not
want to deepen anaesthesia as this may potentially compro-
mise cardiorespiratory parameters and thus affect HRV.
There are limitations to our findings. Firstly, our study de-
sign does not allow us to determine a mechanistic effect.
However, we believe that our systematic approach measuring
cytokines related to Th1, Th2, and Th17 cells, as well as
markers of nitric oxide production and oxidative stress, plus
in vivo cardiac and autonomic function, contributes to the
understanding of interactions between these factors, though
it does not rule out a role for these cells. Secondly, we ana-
lyzed one single timepoint after sepsis when a substantial
number of animals had already died. It is likely that responses
would be dynamic during the early, established, and recovery
phases of sepsis. Inflammation in earlier phases of sepsis may
have resulted in neuronal damage in the autonomic centers.
However, after 24 h of peritonitis, we could prognosticate
surviving animals based on cardiac contractility; this offers
an important advantage of our model in differentiating the
magnitude of change in survivors and non-survivors at this
timepoint. Our model received adequate fluid resuscitation
and continuous blood pressure monitoring, thus avoiding the
effects of prolonged hypotension on the analyzed parameters,
a key difference from other reported studies. We do acknowl-
edge that measurements of inflammation and oxidative injury
were performed in the whole hypothalamus and brainstem and
not limited to the centers of autonomic control. Finally, the
absence of significant correlations between different sets of
data suggests the absence of a linear relationship but does
not exclude other types of association.
Conclusion
In our clinically relevant, fluid-resuscitated model of fecal
peritonitis, control of autonomic centers and cardiac function
was not directly related to the degree of inflammation, but to
the severity of sepsis.
Acknowledgments Bernardo Bollen Pinto was supported by a
Portuguese Science Foundation PhD scholarship through the Graduate
Program in the Areas of Basic and Applied Biology (GABBA) of Porto
University (SFRH/BD/33540/2008).
Compliance with Ethical Standards All animal procedures were con-
ducted in accordance with UK Home Office guidelines under the 1986
Scientific Procedures Act and following approval from the University
College London Ethics Committee.
Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give
appropriate credit to the original author(s) and the source, provide a link
to the Creative Commons license, and indicate if changes were made.
References
1. Brame AL, Singer M (2010) Stressing the obvious? An allostatic
look at critical illness. Crit Care Med 38(10 Suppl):S600–S607
2. Eidelman LA, Putterman D, Putterman C, Sprung CL (1996) The
spectrum of septic encephalopathy. Definitions, etiologies, and
mortalities. JAMA 275(6):470–473
3. Gofton TE, Young GB (2012) Sepsis-associated encephalopathy.
Nat Rev Neurol 8(10):557–566
4. MichelsM,Vieira AS, Vuolo F, Zapelini HG,Mendonca B,Mina F,
Dominguini D, Steckert A et al (2015) The role of microglia acti-
vation in the development of sepsis-induced long-term cognitive
impairment. Brain Behav Immun 43:54–59
5. Comim CM, Vilela MC, Constantino LS, Petronilho F, Vuolo F,
Lacerda-Queiroz N, Rodrigues DH, da Rocha JL et al (2011)
Traffic of leukocytes and cytokine up-regulation in the central ner-
vous system in sepsis. Intensive Care Med 37(4):711–718
6. Griffin EW, Skelly DT, Murray CL, Cunningham C (2013)
Cyclooxygenase-1-dependent prostaglandins mediate susceptibili-
ty to systemic inflammation-induced acute cognitive dysfunction. J
Neurosci Off J Soc Neurosci 33(38):15248–15258
7. Hernandes MS, D’Avila JC, Trevelin SC, Reis PA, Kinjo ER,
Lopes LR, Castro-Faria-Neto HC, Cunha FQ et al (2014) The role
Mol Neurobiol
of Nox2-derived ROS in the development of cognitive impairment
after sepsis. J Neuroinflammation 11:36
8. Weberpals M, Hermes M, Hermann S, Kummer MP, Terwel D,
Semmler A, Berger M, Schafers M et al (2009) NOS2 gene defi-
ciency protects from sepsis-induced long-term cognitive deficits. J
Neurosci Off J Soc Neurosci 29(45):14177–14184
9. Sharshar T, Gray F, Lorin de la Grandmaison G, Hopkinson NS,
Ross E, Dorandeu A, Orlikowski D, Raphael JC et al (2003)
Apoptosis of neurons in cardiovascular autonomic centres triggered
by inducible nitric oxide synthase after death from septic shock.
Lancet 362(9398):1799–1805
10. Dal-Pizzol F, Tomasi CD, Ritter C (2014) Septic encephalopathy:
does inflammation drive the brain crazy? Rev Bras Psiquiatr 36(3):
251–258
11. Siami S, Bailly-Salin J, Polito A, Porcher R, Blanchard A,
Haymann JP, Laborde K, Maxime V et al (2010) Osmoregulation
of vasopressin secretion is altered in the postacute phase of septic
shock. Crit Care Med 38(10):1962–1969
12. Winchell RJ, Hoyt DB (1996) Spectral analysis of heart rate vari-
ability in the ICU: a measure of autonomic function. J Surg Res
63(1):11–16
13. Korach M, Sharshar T, Jarrin I, Fouillot JP, Raphael JC, Gajdos P,
Annane D (2001) Cardiac variability in critically ill adults: influ-
ence of sepsis. Crit Care Med 29(7):1380–1385
14. Schmidt H, Muller-Werdan U, Hoffmann T, Francis DP, Piepoli
MF, Rauchhaus M, Prondzinsky R, Loppnow H et al (2005)
Autonomic dysfunction predicts mortality in patients with multiple
organ dysfunction syndrome of different age groups. Crit Care Med
33(9):1994–2002
15. Zolfaghari P, Bollen Pinto B, Dyson A, Singer M (2013) The met-
abolic phenotype of rodent sepsis: cause for concern? Intensive
Care Med Exp 1:6
16. Gonnert FA, Recknagel P, Seidel M, Jbeily N, Dahlke K,
Bockmeyer CL, Winning J, Losche W et al (2011) Characteristics
of clinical sepsis reflected in a reliable and reproducible rodent
sepsis model. J Surg Res 170(1):123–134
17. Brealey D, Karyampudi S, Jacques TS, Novelli M, Stidwill R,
Taylor V, Smolenski RT, Singer M (2004) Mitochondrial dysfunc-
tion in a long-term rodent model of sepsis and organ failure. Am J
Physiol Regul Integr Comp Physiol 286(3):R491–R497
18. Slama M, Susic D, Varagic J, Ahn J, Frohlich ED (2003)
Echocardiographic measurement of cardiac output in rats. Am J
Physiol Heart Circ Physiol 284(2):H691–H697
19. Dowell RT, Houdi AA (1997) Aortic peak flow velocity as an index
of myocardial contractility in the conscious rat. Methods Find Exp
Clin Pharmacol 19(8):533–539
20. Rudiger A, Dyson A, Felsmann K, Carre JE, Taylor V, Hughes S,
Clatworthy I, Protti A, Pellerin D, Lemm J, Claus RA, Bauer M,
Singer M (2012) Early functional and transcriptomic changes in the
myocardium predict outcome in a long-term rat model of sepsis.
Clin Sci (Lond)
21. Japundzic N, Grichois ML, Zitoun P, Laude D, Elghozi JL (1990)
Spectral analysis of blood pressure and heart rate in conscious rats:
effects of autonomic blockers. J Auton Nerv Syst 30(2):91–100
22. Verdon CP, Burton BA, Prior RL (1995) Sample pretreatment with
nitrate reductase and glucose-6-phosphate dehydrogenase quantita-
tively reduces nitrate while avoiding interference by NADP+ when
the Griess reaction is used to assay for nitrite. Anal Biochem
224(2):502–508
23. Levine RL, Garland D, Oliver CN, Amici A, Climent I, Lenz AG,
Ahn BW, Shaltiel S et al (1990) Determination of carbonyl content
in oxidatively modified proteins. Methods Enzymol 186:464–478
24. Comim CM, Silva NC, Mina F, Dominguini D, Scaini G, Morais
MO, Rosa DV, Magno LA et al (2014) Evaluation of NCS-1,
DARPP-32, and neurotrophins in hippocampus and prefrontal cor-
tex in rats submitted to sepsis. Synapse 68(10):474–479
25. Bozza FA, D’Avila JC, Ritter C, Sonneville R, Sharshar T, Dal-
Pizzol F (2013) Bioenergetics, mitochondrial dysfunction, and ox-
idative stress in the pathophysiology of septic encephalopathy.
Shock 39(Suppl 1):10–16
26. Tomasi CD, Vuolo F, Generoso J, SoaresM, Barichello T, Quevedo
J, Ritter C, Dal-Pizzol F (2016) Biomarkers of delirium in a low-
risk community-acquired pneumonia-induced sepsis. Mol
Neurobiol. doi:10.1007/s12035-016-9708-6
27. Ritter C, Tomasi CD, Dal-Pizzol F, Pinto BB, Dyson A, deMiranda
AS, Comim CM, Soares M et al (2014) Inflammation biomarkers
and delirium in critically ill patients. Crit Care 18(3):R106
28. Correa PB, Pancoto JA, de Oliveira-Pelegrin GR, Carnio EC,
Rocha MJ (2007) Participation of iNOS-derived NO in hypotha-
lamic activation and vasopressin release during polymicrobial sep-
sis. J Neuroimmunol 183(1-2):17–25
29. Bruhn FH, Correa PB, Oliveira-Pelegrin GR, Rocha MJ (2009)
Blocking systemic nitric oxide production alters neuronal activation
in brain structures involved in cardiovascular regulation during
polymicrobial sepsis. Neurosci Lett 453(3):141–146
30. Athayde LA, Oliveira-Pelegrin GR, Nomizo A, Faccioli LH, Rocha
MJ (2009) Blocking central leukotrienes synthesis affects vasopres-
sin release during sepsis. Neuroscience 160(4):829–836
31. Martins TF, Sorgi CA, Faccioli LH, Rocha MJ (2011) Leukotriene
synthesis inhibitor decreases vasopressin release in the early phase
of sepsis. J Neuroimmunol 238(1-2):52–57
32. Pancoto JA, Correa PB, Oliveira-Pelegrin GR, Rocha MJ (2008)
Autonomic dysfunction in experimental sepsis induced by cecal
ligation and puncture. Auton Neurosci Basic Clin 138(1–2):57–63
33. Landry DW, Levin HR, Gallant EM, Ashton RC Jr, Seo S,
D’Alessandro D, OzMC, Oliver JA (1997) Vasopressin deficiency
contributes to the vasodilation of septic shock. Circulation 95(5):
1122–1125
34. Sharshar T, Blanchard A, Paillard M, Raphael JC, Gajdos P,
Annane D (2003) Circulating vasopressin levels in septic shock.
Crit Care Med 31(6):1752–1758
35. Sharshar T, Hopkinson NS, Orlikowski D, Annane D (2005)
Science review: the brain in sepsis—culprit and victim. Crit Care
9(1):37–44
36. Goldstein B, Kempski MH, Stair D, Tipton RB, DeKing D,
DeLong DJ, DeAsla R, Cox C et al (1995) Autonomic modulation
of heart rate variability during endotoxin shock in rabbits. Crit Care
Med 23(10):1694–1702
37. Schulte A, Lichtenstern C, Henrich M, Weigand MA, Uhle F
(2014) Loss of vagal tone aggravates systemic inflammation and
cardiac impairment in endotoxemic rats. J Surg Res 188(2):480–
488
38. Annane D, Trabold F, Sharshar T, Jarrin I, Blanc AS, Raphael JC,
Gajdos P (1999) Inappropriate sympathetic activation at onset of
septic shock: a spectral analysis approach. Am J Respir Crit Care
Med 160(2):458–465
39. Papaioannou VE, Dragoumanis C, Theodorou V, Gargaretas C,
Pneumatikos I (2009) Relation of heart rate variability to serum
levels of C-reactive protein, interleukin 6, and 10 in patients with
sepsis and septic shock. J Crit Care 24(4):625.e1–625.e7
40. Pal D, Walton ME, Lipinski WJ, Koch LG, Lydic R, Britton SL,
Mashour GA (2012) Determination of minimum alveolar concen-
tration for isoflurane and sevoflurane in a rodent model of human
metabolic syndrome. Anesth Analg 114(2):297–302
41. Kato M, Komatsu T, Kimura T, Sugiyama F, Nakashima K,
Shimada Y (1992) Spectral analysis of heart rate variability during
isoflurane anesthesia. Anesthesiology 77(4):669–674
Mol Neurobiol
